CITOCHINE 



Sono proteine o glicoproteine di basso peso molecolare (10-30 kDa) che fanno 
comunicare le cellule fra di loro. Hanno prevalentemente una funzione come 
immunormoni, ma sono anche coinvolte nella regolazione delle funzioni di cellule 
non immunitarie. 
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Table 1.1 Comparison of the characteristics of classical hormones and cytokines 



Classical hormones 



Small to large polypeptides, proteins, 
derivatives of aromatic amino acids or 
steroids 

Produced by specialized cells of 
endocrine glands to act at a distance 
(endocrine action) on target cells and 
organs 



Receptors restricted to one or a few 
target ce'.S type(s) 

Rarely directly mitogenic (causing celi 
division) in vitro, with the notable 
exception of insulin 

Low overlap of biological activities 



Cytokines 



Large polypeptides, proteins or 
glycoproteins (MW > 5000) 

Produced by specialized and 
unspecialized cells of many tissues and 
organs to act locally (paracrine or 
autocrine action), but can act at a 
distance if released into the blood 
supply 

Receptors usually found on many celi 
types other than predicted target cells 

Many are directly mitogenic in vitro 



Frequent high overlap of biological 
activities 



PROPRIETÀ ' GENERALI 

- La secrezione di citochine è un evento di breve durata e autolimitante. 
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PROPRIETÀ ' GENERALI 

- La secrezione di citochine è un evento di breve durata ed autolimitante. 



- In molti casi la stessa citochina è prodotta da molti tipi cellulari diversi. La fonte cellulare, dunque, non è una caratteristica che contraddistingue 
queste molecole. 

- Le citochine sono attive su molti tipi cellulari diversi (pleitropismo). 

- Le citochine hanno spesso effetti molteplici e differenti sullo stesso bersaglio cellulare (ambiguità). 

- Le azioni delle citochine sono spesso ridondanti (ridondanza). 

- Le citochine spesso influenzano la sintesi di altre citochine (cascata citochimica). 

- Le citochine spesso influenzano l'azione di altre citochine (sinergismo o antagonismo) 

- Le citochine iniziano la loro azione mediante il legame con un recettore specifico sulla plasmamembrana della cellula bersaglio (K d = IO 9 - 10 12 ). 

- L'espressione di molti recettori per la citochine è regolata da segnali specifici, tra i quali vi sono le citochine stesse che, in questo modo 
esercitano una amplificazione positiva o un feedback negativo delle risposte (transmodulazione recettoriale). 

- La maggior parte delle risposte cellulari alle citochine richiedono neosìntesì di mRNA 
e proteine. 



STIMOLI ALTA SINTESI OT CITOCHINE 



1) Riconoscimento dell' Ag presentato dai macrofagi 

2) END0T0SS1NE e altri prodotti di microorganismi 
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5) Interleuchine 

IL-2 



NK 



IL-3-4-51 
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PRINCIPALI FUNZIONI REGOLATE DA CITOCHINE 



Le citochine sono prodotte durante la fase effettrice dell'immunità naturale e 
specifica e servono da mediatori e regolatori delle risposte immuni ed 
infiammatorie. 
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i \n Itine promotion of activation. 
differentiation. proliferation. or celi 
dearli of T cells. lì cells. macrophages, 
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FIGURE 12-5 



Interaction of antigen with macrophages and the 
subsequent activation of resti ng T H cells leads to release of nu- 



merouscytokines (blue arrows), generating a complex network of 
interacting cells in the immune response. 



PRINCIPALI FUNZIONI REGOLATE DA CITOCHINE 



Proliferazione e differenziazione di cellule emopoie- 
tiche 

Proliferazione _ e differenziazione di cellule immuno- 
ipetenti (linfociti T e B) 

Regolazione della funzione citocida proprie dei fagociti 
>limorfonucleati neutrof ili,monociti e macrofagi) 

4) Regolazione della marginazione e migrazione delle cellule 
del sangue attraveso l'attivazione delle integrine 
leucocitarie e l'induzione dell'espressione dei ligandi 

.le cellule endoteliali 

5) Regolazione di processi riparativi conseguenti a danni 
tissutali : angiogenesi, sintesi e deposizione di matrici 
extracellulari , proliferazione cellulare . 

nduzione di reazioni sistemiche a diversi tipi di 
danni: febbre, sintesi epatica di proteine di fase 
acuta, alterazione del metabolismo lipidico e pro- 
teico, alterazioni ormonali . 

iconoccimento e distruzione delle cellule tumorali e 
iui. c ctate da virus 

egolazione di fenomeni allergici attraverso la rego- 
>ne della funzione dei mastociti (IgE) 



Interleuchine 



IL-1 
IL-6 
IL-8 
IL-13 
IL-10 



Attivazione 
delle cellule 
infiammatorie 



Fattori 
di crescita 



GM-CSF 
M-CSF 



• Macrofagi 

• Attività 
battericida 

• Funzione 
delle cellule 
NK e 

dendritiche 



Chemochine 



CC 
CXC 

XC 
CX3C 



• Chemiotassi 
dei leucociti 

• Attivazione 
dei leucociti 



Interferoni I 



IFN-a 
IFN-p 
IFN-y 



• Antivirali 

• Attivazione 
dei leucociti 



Citochine 
pro- 
infiammatorie 



TNF-a 



• Febbre 

• Anoressia 

• Shock 

• Citotossicità 

• Induzione 
di citochine 

• Attivazione 
di cellule 
endoteliali 
e tessutali 



- Tumor Necrosis Factor and related family members 

- Colony Stimulating Factors, Growth Factors 

- Transforming Growth Factors 

- Neurotrophic Factors 




Table 1.2 Cytokine designations 



Modem name and abbreviation 



Former or alternative name 



Epidermal growth factor (EGF) 
Insulin-like growth factor-I (IGF-I) 
Insulin-like growth factor-II (IGF-II) 
Transforming growth factor alpha 
(TGFJ 

Transforming growth factor beta 
(TGFp) 

Platelet-derived growth factor (PDGF) 

Acidic fibroblast growth factor (aFGF) 
Basic fibroblast growth factor (bFGF) 

Nerve growth factor (NGF) 
Erythropoietin (EPO) 
Granulocyte-colony stimulating factor 
(G-CSF) 

Macrophage-colony stimulating factor 
(M-CSF) 

Granulocyte-macrophage-colony 
stimulating factor (GM-CSF) 



Interleukin-1 alpha (IL-la) 
Interleukin-1 beta (IL-1|3) 

Interleukin-2 (IL-2) 
Interleukin-3 (IL-3) 



Interleukin-4 (IL-4) 
Interleukin-5 (IL-5) 

Interleukin-6 (IL-6) 



Interleukin-7 (IL-7) 
Interleukin-8 (IL-8) 



Urogastrone 
Somatomedin C 

Multiplication stimulating activity 



Prostatropin, endothelial celi growth 
t factor (ECGF), eye-derived growth 
J stimulating factor- 1 (EDGSF-1) 



Pluripoietin, D-or diff factor (DF), 
macrophage granulocyte inducer-type 2 
(MGI-2) 

Colony stimulating factor- 1 (CSF-1), 
macrophage granulocyte inducer-type 
ÌM(MGI-IM) 

Colony stimulating activator- 
granulocyte macrophage (CSA-GM), 
Macrophage granulocyte inducer-type 
lG(Mgl-lG) 

ÌLymphocyte activating factor (LAF), 
haemopoietin-1 (HP-1), endogenous 
pyrogen (EP) 

T-cell growth factor (TCGF) 

Multi-colony stimulating factor (multi- 
CSF), persisting cell-stimulating factor 
(PSF), mast celi growth factor 

B-cell growth factor- 1 (BCGF-I), B-cell 
stimulating factor 1 (BSF-1) 

Eosinophil differentiation factor 
(EDF), B-cell growth factor-II (BCGF- 
II) 

B-cell stimulating factor-2 (BSF-2), 
hybridoma-plastocytoma growth factor 
(HPGF), interferon beta-2 (IFN|32), 
26K protein, hepatocyte stimulating 
factor (HSF) 

Lymphopoietin-1 (LP-1) 

Monocyte-derived neutrophil activating 
protein (MONAP), macrophage 



PROPRIETÀ ' GENERALI 



La secrezione di citochine è un evento di breve durata ed autolimitante. 



- In molti casi la smessa citochina è prodotta da molti tipi cellulari diversi. La fonte cellulare, dunque, non è una caratteristica che contraddistingue 
queste molecole. 

- Le citochine sono attive su molti tipi cellulari diversi (pleitropismo). 

- Le citochine hanno spesso effetti molteplici e differenti sullo stesso bersaglio cellulare (ambiguità). 

- Le azioni delle citochine sono spesso ridondanti (ridondanza). 

- Le citochine spesso influenzano la sintesi di altre citochine (cascala citochimica). 

- Le citochine spesso influenzano l'azione di altre citochine (sinergismo o antagonismo) 

- Le citochine iniziano la loro azione mediante il legame con un recettore specifico sulla 
plasmamembrana della cellula bersaglio (K d = IO -9 - IO -12 ). 
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Type I cytokine Type II cytokine 
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receptors 
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TNF receptor family 



IL-1 receptor 
family 



Ligands: 
IL-2, IL-3, IL-4, IL-5, 
IL-6, IL-7, IL-9, IL-1 1 , 
IL-12, IL-13, IL-15, 
GM-CSF, G-CSF 



Ligands: 
IFN-o/p, IFN-y, 
IFN-X, IL-10, IL-20, 
IL-24, IL-26 



Ligands: 
TNF-a.TNF-p, LT, 
CD40, FasL, BAFF, 
Aprii, Ox40, GITR, 
nerve growth factor 



Seven 
transmembrane 
G-protein-coupIed 
receptors 





Features Common to Type I 
Cytokine Receptors 

Extracellular domain 

1. Four conserved cysteine residues, involved in intrachain 
disulfide bonds 

2. WSXWS motif 

3. Fibronectin type III modules 

Cytoplasmic domain 

1. Box 1/Box 2 regions — The Box 1 region is a proline-rich 
region that is involved in the interaction of Janus family 
tyrosine kinases. 



FIGURE 7-23 Structure of cytokine receptors. A, Receptors for different cytokines are classified into families on the basis of conserved 
extracellular domain structures and signaling mechanisms. The cytokines or other ligands that bind to each receptor family are listed below the 
schematic drawings. WSXWS, tryptophan-serine-X-tryptophan-serine. B, Groups of cytokine receptors share identical or highly homologous subunit 
chains. Selected examples of cytokine receptors in each group are shown. 
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Figure 3. Schematic models of different cytokine receptor families. Cytokine receptors can generally be 
classified into families based upon their secondary and tertiary structures. There are at least six families of cytokine 
receptors. p60 TNF-R refers to TNF-RI, and p80 TNF-R refers to TNF-RII. 



A 



Cytokine receptor families 

Type I cytokine 
(hemopoietin) 
receptors 



Type II cytokine 
receptors 



TNF receptor family 



IL-1 receptor 
family 



Conservedc 
cysteines 
WSXWSx 



Ligands: 
IL-2, IL-3, IL-4, IL-5, 
IL-6, IL-7, IL-9, IL-11, 
IL-1 2, IL-13, IL-15, 
GM-CSF, G-CSF 



Ligands: 
IFN-a/p, IFN-y, 
IFN-À, IL-10, IL-20, 
IL-24, IL-26 



Ligands: 
TNF-a.TNF-p, LT, 
CD40, FasL, BAFF, 
Aprii, Ox40, GITR, 
nerve growth factor 



Ligands: 
IL-1, IL-18 



Seven 
transmembrane 
G-protein-coupIed 
receptors 




Ligands: 
Chemokines 



B Subunit composition of cytokine receptors 
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FIGURE 7-23 Structure of cytokine receptors. A, Receptors for different cytokines are classified into families on the basis of conserved 
extracellular domain structures and signaling mechanisms. The cytokines or other ligands that bind to each receptor family are listed below the 
schematic drawings. WSXWS, tryptophan-serine-X-tryptophan-serine. B, Groups of cytokine receptors share identical or highly homologous subunit 
chains. Selected examples of cytokine receptors in each group are shown. 
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TABLE ESI 


Features of Cytokines whose Receptors Share X 




Cytokine 


Major Source 


Size 


Cellular Targets 


Chromosome Location (1 


IL-3 


Tcells 


h152/19aa 


Multiple lineages 


5q31.1/11 






m 166/26 a a 










22-34 kDa 






IL-5 


Tcells 


h139/22aa 


Eosinophils 


5q31.1/11 






m133/21 


B celisi?) 








45 kDa dimer 






GM-CSF 


Tcells 


h144/17aa 


Granulocytes 


5q31.1/l 1 






mU1/17aa 


Macrophages 








23 kDa 







i/l-CSF, granulocytg macrophage-colony stimulating factor; IL, interleukin. 



: 



Interactions between cytokine-specific subunits and a 
common signal-transducing subunit of cytokine receptors. (a) Sche- 
matic diagrarn ofthe low-affinity and high-aff inity receptors for IL-3, IL-5, 
and GM-CSF. The cytokine-specific subunits exhibit low-affinity binding 
and cannot transduce an activation signal. Noncovalent association of 
each subunit with a common (3 subunit yields a high-aff inity dimeric re- 
ceptor that can transduce a signal across the membrane, (b) Associa- 
tion of cytokine-specific subunits with a common signal ing unit the 
P subunit allows the generation of cytokine-specific signalsdespite the 
generation of the same signal by the different cytokine receptors shown. 
(c) Competition of ligand-binding chains of different receptors for a 
common subunit can produce antagonistic effects between cytokines. 
Here binding of IL-3 by a subunits of the IL-3 receptor allows thern to 
out-compete a chains of the GM-CSF receptor for p subunits. [Part (a) 
adapted troni T. Kishimotoetal., 1992, Science 258:593.] 




AB LE 




Cytokines whose Receptors 
Share gp130 a 




Cytokine 



IL-6 

IL-11 

LIF 

OSM 

CNTF 

CT-1 

NNT-1/BSF-3/CLC 
IL-27 



7p21/5 

19q 13.3-1 3.4/7 
22q 12. 1-1 2.2/11 
22q12.1-12.2/11 
11q12.2/19 
16p1 1.1— 11.2/7 
1 1 q 1 3/ 



Overlapping actions of several gp130 cytokines 

IL-6 IL-11 LIF OSM CNTF CT-1 



Growth of myeloma cells 


+ 




+ 


+ 


+ 


? 


Maintenance of embryonic 






+ 


+ 


+ 


+ 


stem celi pluripotency 














Induction of hepatic acute 


+ 


+ 


+ 


+ 


+ 


+ 


phase proteins 














Induction of cardiac 




+ 


+ 


+ 


+/- 


+ 


hypertrophy 














Induction of osteoclast 




+ 


+ 


+ 


? 


? 


formation 














Enhanced neuronal sur- 


+ 


+ 


+ 


+ 


+ 


+ 


viva I/differenti a io n 














Inhibitadipogenesis 


? 


+ 


+ 


? 


? 


? 




BSF-3, B cell-stimulating factor-3; CLC, cardiotrophin-like factor; CNTF, ciliary neuro- 
trophic factor; CT-1, cardiotrophin-1; IL, interleukin; LIF, leukemia inhibitory factor; 
NNT-1, novel neurotrophin-1; OSM, oncostatin M. 

a Most of the data in this table are derived from Yin et al. 248 

Note that NNT-1 can support survival of chicken embryonic and sympathetic neurons, 
can induce amyloid A, and analogous to IL-6 can induce B-cell hyperplasia. 





TABLE UHI ^omposition of Receptors for the 
BlMJ lnterleukin-6 Family of Cytokines 

Cytokines whose receptors do not contain LIFRP 
IL-6 IL-6Ra + gp130 

IL- 11 IL-11Ra + gp130 

OSM OSMRp + gp130 

Cytokines whose receptors contain LIFRP 

UF UFRp + gp 130 

OSM LIFRp-i- gp130 

CNTF CNTFRa + UFRp + gp130 

CT-1 LIFRp + gp130 + ?CT1Ra 

NNT-1/BSF-3 /CLC + CLF-1 CNTFRa + UFRp + gp130 

CLC + soluble CNTFRa UFRp + gp130 

Cytokines whose receptors contain OSMRp 

OSM 0SMRp + gp130 

IL-31 IL-31R + 0SMRp 

BSF-3, B cell-stimulating factor-3; CLC, cardiotrophin-like factor; CLF-1, cytokine- 
like factor-1; CNTF, cilìary neurotrophic factor; CNTFR, CNTF rgceptor; CT-1, 
cardiotrophin-1; IL, interleukin; UF, leukemia inhibitory factor; NNT-1, novel 
neurotrophin-1; OSM, oncostatin M. 

Note thatthe sharing of CNTFRa by CNTF and the dimeric NNT-1/BSF-3/CLC - CLF-1 
ligand helps to explain why the phenotype in CNTF-/- mice is less severe than 
thatfound in CNTFRa-/- mice. 



Cytokine produced by: 














IL-2: T cells 


IL-4: T cells, 


IL-7: stromal cells, 


IL-9: T cells 


IL-15: monocytes, 


IL-21:CD4*T cells 


TSLP: stromal cells, 


and DCs 


NKT cells, 


epithelial cells 




DCs and epithelial 


and NKT cells 


epithelial cells, 




eosinophils 


and fibroblasts 




cells 




fibroblasts, mast 




and mast cells 










cells and basophils 




(stats) \ (stat3) (staté) (ìw5) (stat5) \ (stat3) j j (stat3) \ (stat5) | 

(stati) (stati) (stats) (stats) (stati) (stats) 



Receptor expressed by: 














T cells, B cells 


T cells, B cells. 


T cells, pre-B cells 


T cells, mast cells, 


T cells and 


T cells. B cells, 


T cells. B cells, 


and NK cells 


NK cells, mast cells 


and DCs 


epithelial cells and 


NK cells 


NK cells and DCs 


DCs, NKT cells 




and basophils 




eosinophils 






and mast cells 
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TABLE 

Cytokine 



Features of Cytokines Whose Receptors Share y c 



Major Source 



Size a 



Actions 



Chromosome 

Location (h/m) Genomic Org 



IL-2 



IL-4 



IL-7 



IL-9 



IL- 15 



IL-21 



Activated T-cells 
(Th1 cells) 



Activated T-cells 
(Th2 cells) 

CD4+NK1.1+ naturai T cells 



Stromal cells 



Activated Th cells 



Monocytes and many cells 
outside the immune 
system b 

Activated CD4+T cells 



h153aa/20aa 
m169aa/20aa 
15.5 kDa 



h 153/24 aa 
m140 aa/20 aa 
18 kDa 



h177 aa/25aa 
m154aa/25aa 
17-25 kDa 



h144aa/18aa 
m144aa/18aa 
14 kDa 



h162aa/48aa 
m162aa/48aa 
14-15 kDa 

h162aa/31 aa 
m146aa/24 aa 



T-cell growth factor 4q26-27/3 
B-cell growth, Ig production, J chain expression 
Induces LAK activity 

Induces tumor infiltrating lymphocyte activity 
Augments NK activity 
Criticai roles in antigen-induced celi death 
Stimulates macrophage/monocyte 
Antitumor effects 
Promotes T reg development 
Promotes Th1 and Th2 differentiation 
Inhibits Th 17 differentiation 

B-cell proliferation 5q31 .1/1 1 

Ig class switch: IgGI , I g E production 

AugmentMHC II, Fce receptors, IL-4Roc, and IL-2Rp expression 
Th2 celi differentiation 
Antitumor effects 

Thymocyte growth 8q1 2-13/3 

T-cell growth 

Pre-B-cell growth in mice but not human 
Survival and growth of peripheral T cells 
CD4+ and CD8+ T-cell homeostasis 
Th helper clones 
Erythroid progenitors 
B cells 

Mast cells/allergic responses 
Fetal thymocytes 

Mast celi growth 4q31/8 
NK celi development and activity 
T-cell proliferation 
CD8+ T-cell homeostasis 

Comitogen for T-cell proliferation 4q67-27 

Inhibits B-cell proliferation to anti-lgM + IL-4 

Augments B-cell proliferation to anti-CD40 

Conflicting reports relatedto NK cells 

Cooperates with IL-7 and IL-1 5 to expand CD8 cells 

Antitumor effects 

Drives terminal B-cell differentiation to plasma cells 
Proapoptotic for B and NK cells 
Promotes Tfh differentiation 
Promotes Th17 differentiation 



Four exons 



Four exons 



Six exons 



5q31-35/13 Five exons 



Nine exons 



how many 
exons 



CD, cluster of differentiation; Ig, immunoglobulin; IL, interleukin; LAK, ???; MHC, major histocompatibility complex; NK, naturai killer; Tfh,???; Th, T hel per; T rny , regulatoryT. 

fi and m refer to human and mouse, respectively. The number of amino acids refers to the length of the open reading frame/length of signal peptide. The number of amino acids in the mature protein is therefore the d'rfference between these 

numbers. Note thatfor IL-15, residues 1 to 29 have been identrfi ed as a signal peptide and 30 to 48 as a propeptide. 
b More IL-15 messenger ribonucleic acid is produced in skeletal muscle, kidney, placenta, and lung than in thymus or spleen. Itis important to note, however, that IL-15 messenger ribonucleic acid is widely expressed without concomitant 

production of IL-15 protein so that the source of biologically meaningful IL-15 may be more lim'rted. 




RG. 25.5 Schematic of the Receptors for Interleukin (IL)-2, I L-4, IL- 7, 
IL-9, IL-15, and IL-21 , Showing Interactions with Jak1 and Jak3. The 

cartoon shows that IL-2, IL-4, IL-7, IL-9 f IL-15, and IL-21 ali share y c . 
IL-2Ra and IL-15Ra are not shown. Whereas the distinctive chains 
associate with Jakl, y c associates with Jak3. Mutations in y c cause 
X-linked severe combined immunodeficiency or more moderate forms 
of X-linked immunodeficiency. Mutations in Jak3 cause an autosomal 
recessive form of severe combined immunodeficiency (see text). 





DBfVI Features of X-Linked Severe 
■iMJ Combined Immunodeficiency 

1. Absent or profoundly diminished numbers of T cells and 



mitogen responses 

2. Absence of NK cells 

3. Normal numbers of B cells, but defective B-cell responses 

4. IgM can be normal, but greatly diminished Igs of other 
classes 

5. XSCID carrier females exhibit nonrandom X-inactivation 
patterns in their T cells and NK cells; the X-inactivation 
pattern is random in surface IgM-positive B cells but 
nonrandom in more terminally differentiated B cells. 

Ig, immunoglobulin; NK, naturai killer; XSCID, X-linked severe combined 
immunodeficiency. 




Form of SCID 


Lineage abnormalities 


Cau zez of defects 


XSCID 


T and NK cells absent: B cells 
present but non-fu nctional 


The d isease results from mutations in IL2RG. Decreased T celi 
development isdue to defective IL-7-induced signalling. Lack 
of NK celi development is the resti It of defective IL-1 5-induced 
signalling. Functional B celi abnormalities are due to a lack of 
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IL-7RA-defìcient 
SCID 


T celb absent: in humans. 
B cells are present but in 
IL-7R-deficient mice. B celb 
are absent 


The disease results from defective IL-7-induced signalling 
with a possible partial contnbution from TSLR Humans with 
IL-7 deficiency have not been reported. Mice with IL-7R 
deficiency have a more severe T celi phenotype than mice 
with IL-7 deficiency 


IL-2RB-deficient 
SCID 


NK celb absent: T and B celb 
present 


The disease seems to result from defective IL-1 5-induced 
signalling. based on the phenotype of IL-15-. IL-15RA- or 
IL-2RB-deficient mice. patients with IL-2RB-deficient SCID 
and in vitro studies 
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Figure 1 Architecture of the IL-12 cytokine 
family. Members of the IL-12 family of cytokines 
are presented together with their receptors 
and Jak-STAT signaling partners. Key (bottom) 
indicates the functional spectrum of these 
cytokines, from most proinflammatory (IL-23) 
to most inhibitory (IL-35). Tyk2, kinase of the 
Jak family. 
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Fig. 3. Receptor composition of the novel IL-6/IL-12 cytokine IL-35. IL-35 binds to and activates three different combinations of receptor complexes, a gpl30 homodimer 
(STATI ), a gpl30/IL-12R(32 heterodimer (STATI /STAT4) and an IL-12RP2 homodimer (STAT4). For comparison the receptor composition of IL-27 and IL-12 plus main STAT 
facto rs is given. 
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FIGURE 7-1 Signaling from the celi surface involves cytosolic and nuclear phases. A generic receptor that activates a non- 
receptor tyrosine kinase after it binds ligand is shown. In the cytosolic signaling phase, the non-receptor kinase phosphorylates a key tyrosine residue 
on the cytoplasmic tail of the receptor, as a result of which the phosphotyrosine-containing receptor tail is able to recruit a downstream enzyme that 
is activated once it is recruited. In the cytosolic phase, this activated downstream enzyme post-translationally modifies a specific transcription factor 
that is located in the cytoplasm. In the nuclear phase, this modified transcription factor enters the nucleus and induces the expression of target genes 
that ali have a binding site in the promoter or in some other regulatory region that can bind to this modified transcription factor and facilitate 
transcription. 
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FIGURE 7-2 Major categories of signaling receptors in the immune system. Depicted hereare a receptor that uses a non-receptor 
tyrosine kinase, a receptor tyrosine kinase, a nuclear receptor that binds its ligand and can then influence transcription, a seven-transmembrane 
receptor linked to heterotrimeric G proteins, and Notch, which recognizes a ligand on a distinct celi and is cleaved, yielding an intracellular fragment 
(IC Notch) that can enter the nucleus and influence transcription of specific target genes. 
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FIGURE 7-25 Type I and type II cytokines induce JAK-STAT signaling. Ligation of receptors for type I and type II cytokines results 
in the activation of an associateci JAK tyrosine kinase, the phosphorylation of the receptor tail, and the recruitment of an SH2 domain-containing 
activator of transcription (STAT) to the receptor. The recruited STAT is activated by JAK phosphorylation, dimerizes, enters the nucleus, and turns on 
the expression of cytokine target genes. 
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The JAK-STAT pathway. a | A schematic representation of the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway. The activation of JAKs 
after cytokine stimulation results in the phosphorylation of STATs, which then dimerize and translocate to the nucleus to activate gene transcription. b | The domain structure 
of JAKs. The domains JH1-JH7 are based on sequence similarity of four known JAKs. JH1 is the kinase domain, which contains two tyrosines that can be phosphorylated after 
ligand stimulation. JH2 is the pseudo-kinase domain. The JH6 and JH7 domains mediate the binding of JAKs to receptors. c | The domain structure of STATs. The activity of 
STATs can be regulated by protein modification, including tyrosine and serine phosphorylation, methylation (Met), sumoylation (SUMO), ISGylation (ISG15) and acetylation 
(Ace). The modification sites of ISGylation and acetylation have not been identified. 



n Cytokines and the JAKs They Activate 


OyiOKIIlB 


1 A I^iiioca/cI A r* t i w ofr n ri 
JHIV i\llldbe\b/ MCUVdieil 


IFNcx/p 


JAK1,TYK2 


IFNy 


JAKUAK2 


Growth hormone 


JAK2 


Prolactin 


JAK2 


Erythopoietin 


JAK2 


Thrombopoietin 


JAK2 


ILIO 


JAK1,TYK2 


IL-12, IL-23 


JAK2, TYK2 


G-CSF 


JAK1, JAK2 


Yc family 




IL-2, IL-4, a IL-7, IL-9, IL-15, IL-21 


JAK1, JAK3 


p c family 




IL-3, IL-5, GM-CSF 


JAK2, ?JAK1 


gp130 family 




IL-6, IL-11,CNTF, LIF, OSM, CT-1 


JAK1, JAK2, TYK2 


TSLP 


JAK1, JAK2 



CNTF, ciliary neurotrophic factor; CT-1, cardiotrophin-1; G-CSF, granulocyte-colony 
stimulating factor; GM-CSF, granulocyte macrophage-colony stimulating factor; 
IFN, interferon; IL, interleukin; LIF, leukGmia inhibitory factor; OSM, oncostatin M; 
TSLP, thymic stromal lymphopoietin. 

a Note that IL-4 activates JAK1 and JAK3 when it acts through the typg I IL-4 receptor 
(IL-4Ra + yc, found for examplg on T cells). However, JAK3 is not activated whGn 
IL-4 signals through the type II IL-4 receptors (IL-4Ra -h IL-13Ra1, a form of recep- 
tor that is expressed on a number of non-T cells, including fibroblasts). 
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Abbreviations: IFN, interferoni IL, interieukin; 
transducer and activator of transcription. 



TABLE 


25.13 


Cvtokines and the Sianal 
Transducer and Activator of 
Transcriptions They Activate 


Cytokine 


STATs Activated 


IFN-a/p 
IFN-y 

Growth hormone 

Prolactin 

Erythopoietin 

Thrombopoietin 

IL-10 

IL-12 

G-CSF 


STATI, STAT2. STAT4 
STATI 

STAT5A, STAT5B 
STAT5A, STAT5B 
STAT5A, STAT5B 
STAT5A, STAT5B 
STAT3 

STAT4, STAT3 
STAT3 


Ycfamily 

IL-2, IL-7, IL-9, IL-15, IL-21 STAT5A, STAT5B, STAT3, 

STATI 

IL-4 STAT6, STAT5A, STAT5B 

IL-13 STAT6 

TSLP STAT5A, STAT5B 


P c family 

IL-3, IL-5, GM-CSF 


STAT5A, STAT5B 


gp130 family 

IL-6, IL-11, CNTF, LIF, OSM, CT-1 STAT3 
Leptin STAT3 



CNTF r ciliary neurotrophic factor; CT-1, cardiotrophin-1; G-CSF, granulocyte-colony 
stimulating factor; GM-CSF, granulocyte macrophage-colony stimulating factor; 
IFN, interferon; IU interleukin; LIF, leukemia inhibitory factor; STAT, signal trans- 
ducer and activator of transcription; TSLP, thymic stromal lymphopoietin. 

Note that for IL-2, IL-7, IL-9, and IL-15, STAT5A and STAT5B appear to be the major 
STATs that are activated, although STAT3 in particular and STATI to a lesser 
degree can also be activated. For IL-21, STAT3 is the dominant STAT protein acti- 
vated, followed by STATI and STAT5A/STAT5B .« 
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STATI 


IFN-o/p, IFN-y 


Defect in innate immunity; no reponse to IFNs 


STAT2 


' IFN-oc/p 


Detective immunity to viruses 


STAT3 


IL-6, IL-10 


Embryonic lethal 


STAT4 


IL-12 


Detect in T H 1 development, IFN-y production 


STAT5a 


Prolactin 


Lactation defect 


STAT5b 


Gr wth hormone (GH) 


Dwarfìsm 


STAT5a and 
STAT5b 


IL-2, IL-7, IL-9 (aJso see 
Prolactin and GH) 


Lactation defect, dwarfism, and detective T celi 
proliferation in response to IL-2 


STAT6 


IL-4 


Defect in T H 2 development, and production of 
IL-4-dependent Ig isotypes 


Jak1 


IFN-a/p, IFN-y, cytokines using 
Yc and gp130 (e.g., IL-2, IL-4, 
IL-6) 


Perìnatal lethal; detective innate immunity, 
possible defect in neuronal viability 


Jak2 


Edo, IL-3, IFN-y 


Embryonic lethal, hematopoietic failure 


Jakd 


Cytokines using v c chain (IL-7, 
IL-2, IL-4) 


Defect in T celi maturation 


Tyk2 


IFN-o/p, IFN-y, IL-10, others 


Detective IL-12 response of NK cells, detective 
immunity to viruses 



Abbreviations: IFN, interferon; IL, interleukin; Jak, Janus kinase; STAT, signal 
transducer and activator of transcription. 



TABLE 

STATs and JAKs 

STATI 557558 

STAT2 559 
STAT3 560 - 564 



Phenotypes of Mice Deficient in Type I and Type II Cytokines, Their Receptors, JAKs and STATs (Conti 



l 



STAT4 566567 
STAT5a 511571 

STAT5b 512572 



Partial STAT5a/ 
STAT5b 513 ' 514 

Complete STAT5a/ 
STAT5b 573 

STAT6 568 " 570 



Detective responses to both type I and type II IFNs. Detective response to certain viruses and bacterial 
antigens. 

Detective signaling in response to type I IFNs; interestingly, the defect in not as severe in STAT2- 
deficient macrophages as it is in Stat2-deficientfibroblasts. 

Embryonic lethal. Embryos implant but cannot grow. The tactthatthis phenotype is even more severe than 
that seen with gp130 suggests a role tor STAT3 via a gp130-independent cytokine. By Cre-lox methodol- 
ogy, Stat3\Nas also selectively targeted in T cells, which exhibit detective IL-2— induced proliteration that 
correlates with a detect in IL-2— induced IL-2Ra expression; as expected T cells also exhibit detective 
signaling in response to IL-6. SfàfS-deficient neutrophils and macrophages show detective IL-10 signal- 
ing. STAT3 is also essentialfor normal involution of the mammary epithelium, tor wound healing, and tor 
normal hair cycle processes. Sfàtf-deficient DCs exhibit detective Flt3L-dependent expansion of DCs. 

Detective Thl development. Essentially the same phenotype as in IL-1 2— deficient mice, including de- 
tective IL-12-mediated boosting of NK celi cytolytic activity. 

Detective lobuloalveolar development in the mammary gland, a syndrome resulting from detective pro- 
lactin signaling. Detective IL-2— induced IL-2Ra expression and associated defects in IL-2— induced 
T-cell proliteration. Detective superantigen-induced expansion of Vp8T cells. Detective antigen- 
induced recruitment of eosinophils into the lung as well as antigen-induced IgGI production. 

Detective growth analogous to Laron dwarfism, a disease of detective growth hormone signaling. 
Detective IL-2— induced IL-2Rcc expression. More severe defects in IL-2— induced T-cell proliteration 
and NK-cell proliteration. Detective antigen-induced recruitment of eosinophils into the lung as well 
as antigen-induced IgGI production. Detective NK cytolytic activity. 

Detective signaling in response to prolactin and growth hormone. Absent NK-cell development Major 
defect in T-cell proliteration and TCR signaling. Anemia. 

Fetal lethality, absent T-cell development. 

Detective Th2 development, essentially the same phenotype as IL-4— deficient mice. Detective B-cell 
proliteration. 



TABLE WAlt] Phenotypes of Mice Deficient in Type I and Type II Cytokines, Their Receptors, JAKs and STATs (Cont) 

JAK1 463 Perinatal lethality, with detective signaling bygp130-dependent cytokines (IL-6, IL-11, CNTF, OSM, LIF, 

CT-1,and 

NNT-1/BSF-3). Detective signaling by y c -dependent cytokines (IL-2, IL-4, IL-7, IL-9, IL-15, IL-21; of 
these IL- 2 and 

IL-7 were tormally evaluated). 

JAK2 733734 Fetal lethality with profound anemia due to detective signaling in response to Epo. 

JAK3 470 " 172 Very similar and possibly identical to y c -deficient mice. Detective signaling in response to y c -dependent 

cytokines (IL-2, IL-4, IL-7, IL-9, IL-15, IL-21). Greatly diminished T cells in thymus and spleen, but 
then age-dependent peripheral expansion of CD4+ T cells. Unlike humans with JAK3 mutations, 
Jak3-deficient mice have greatly diminished B-cell numbers as well. 

Tyltf 73 " 37 Mice lacking Tyk2 exhibit diminished signaling in response to IFNa/p and IL-12, but it is not abrogated. 

Primarily STAT3 activation is diminished, even though STAT1/STAT2 and STAT4, respectively, are 
the STAT proteins that are primarily activated by IFNot/p and IL-12. Additionally, there are dimin- 
ished responsesto IFNyand IL-18. 

BFI-E, ???; BFU, ???; BSF-3, B cell-stìmulating factor-3; CD, cluster of differentiation; CFU, ???; CNTF, ciliary neurotrophic faeton CT-1. cardiotrophin-1; CTL, ???; DC, dendritic celi; DKO, 
doublé knockout DTH, ???; EAE, experìmental autoimmune encephalomyelitis; Epo, erytfiropoietin; G-CSF, granulocyte-colony stimulating factor; GM-CSF, granulocyte macrophage- 
colony stimulating factor; IFN, interferoni lg, immunoglobulin; IL, interleukin; KO, knockout; LIF, leukemia inhibitory factor, M-CSF, macrophage-colony stimulating factor, NK, naturai 
killer; NNT-1, novel neurotrophin-1; OSM, oncostatin M; OVA, ???; STAT, signal transducer and activator of transcrìption; TCR, T-cell receptor; Th, T lielper; Tpo, ???; XSCID, X-linked 
severe combined immunodeficiency. 




Activation and regulation of the JAK-STAT pathway. Cytokine binding to specific surface receptors causes receptor dimerization 
and results in JAK activation and subsequent phosphorylation of specific tyrosine residues on the intracytoplasmic region of the 
cytokine receptor. Phosphorylated tyrosine residues serve as docking sites for STATs, which bind these sites through their Src 
homology 2 (SH2) domains. Once recruited, STATs are phosphorylated on specific tyrosine residues by JAKs, which allows for 
their dimerization. STAT homodimers or heterodimers translocate to the nucleus, in which they recognize specific sequences such 
as the y-activating sequence. Along with transcriptional co-activators and enhancers, STATs direct the transcription of their target 
genes. Many layers of control exist in the JAK- STAT pathway, such as protein inhibitors of activated STATs and protein 
tyrosine phosphatases. Although tyrosine phosphatases (PTPs) function to dephosphorylate JAKs and STATs, SOCS 
proteins can work in a variety of mechanisms, including direct inhibition of tyrosine activity and by competing with STATs 
for phosphotyrosine binding sites. PIAS proteins, on the other hand, can interfere with STAT DNA binding or may act as 
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Figure 1 Cytokine signal transduction is regulated at many levels. Cytokines act by binding to members of the hemopoietin receptor fam- 
ily and inducing their dimerization, resulting in cross-phosphorylation of noncova lently associated janus kinases (JAKs). JAKs phospho- 
rylate tyrosine residues in the receptor cytoplasmic domain, creating docking sites for proteins such as the signal transducers and activa- 
tors of transcription (STATs). Dimeric STATs migrate to the nucleus where they increase transcription of genes important for eliciting the 
biological eflfect of the cytokine. Signaling is controlied at many levels outside the celi and within the cell. Secreted and membrane asso- 
ciated receptors can act as antagonists by binding free cytokine (139). ActmjtechjeceDto^ are intemalized and degra- 
ded, whereas activated signaling components can be dephosphory late p^^leHion^^hosp^ luding the SH2 domain contain- 
ing phosphatases SHP1 ( 140, 141 ) and SHP2 (142), the tiansmembran^ITos^ STAT pho^Dhatase^ ( 145, 146). 
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FIGURE 1 |The structure and function of SOCS proteins. (left) Schematic 
structure of the CIS/SOCS family proteins. The SOCS box is conserved in ali 
CIS/SOCS family proteins. S0CS1 and S0CS3 contain a unique kinase 
inhibitory region (KIR) immediately upstream of the centrai SH2 domain, 
which is proposed to function as a pseudosubstrate. Other SOCS 
box-containing proteins are illustrateci, (right) Mechanism of suppression by 



CIS, SOCS1, and SOCS3. AH of these are induced by cytokine stimulation. CIS 
binds to the STAT5 activating receptors, thereby suppressing further 
activation of STAT5 and inducing degradation of the receptor. SOCS1 binds to 
JAKs, and SOCS3 binds to the receptor through the SH2 domain, but both 
inhibit JAK activity through KIR. These complexes may be degraded by 
ubiquitination and proteasomal degradation recruited through the SOCS box. 
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Figure 3 SOCS proteins act in a negative feedback loop to attenuate signaling. Upon bindìng to their receptor, cytokines activate the 
JAK STAT pathvvay, resulting in an increase in the transcription of not only the genes mediating the biologica! eftect of the cytokine, but 
also the SOCS genes. Once produced, SOCS proteins can inhibit signaling by bindìng to phosphorylated JAKs and receptors and can inter- 
act with components of E3 ubiquitìn ligases to polyubiquìtylate JAKs and target them for proteasomal degradation. 




IMTI AL STIMI I.US INHIBITION OF StMEQUENT 




Figure 4 SOCS proteins induced by one stimulus can inhibit signaling by subsequent stimuli. Agents 
such as LPS can stimulate production of SOC S proteins. Once produced, these can inhibit signaling 
induced by subsequent stimuli, such as cytokines, by acting on phosphorylated receptors and JAKs. 
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•f espressione delle proteine SOCS è indotta da stimoli e citochine che 
utilizzano la via Jak/STAT o altre vie di trasduzione del segnale 



•la pricipale funzione descritta per le proteine SOCS è l' inibizione della via 
Jak/STAT 



SOCS protein 
CIS 

SOCS-1 



Cytokines that induce expression 

IL-2, IL-3, IL-6, IL-9, IL-10, GM-CSF, GH, PRL, TSLP, EGF, 
CNTF, leptin, EPO, TPO 

IL-2, IL-4, IL-6, IL-9, IL-10, G-CSF, GH, PRL, TSH, SCF, 
insulin, LIF, CTI, CNTF, EPO, IFNa/p, IFNy, TNF 



Cytokine signalling that is sensitive to inhibition 

IL-2, IL-3, GH, IGF1, leptin, EPO 



IL-2, IL-3, IL-4, IL-6, IL-7, M-CSF, GH, IGF1, PRL, TSLP, 
SCF, Flk ligand, insulin, LIF, OSM, CTI, EPO, TPO 



SOCS-2 



IL-2, IL-6, GH, PRL, insulin, CNTF 



GH, IGF1, LIF 



SOCS-3 



IL-1, IL-2, IL-3, IL-6, IL-9, IL-10, IL-11, IL-22, GH, PRL, TSH, 
EGF, insulin, PDGF, BFGF, LIF, OSM, CTI, CNTF, leptin, EPO, 
TPO, TNF 



IL-1, IL-2, IL-3, IL-4, IL-6, IL-9, IL-11,GH, IGF1, PRL, 
insulin, LIF, OSM, CTI, CNTF, leptin, EPO, IFNa/p, IFNy 





FIGURE 3 | Role of STATs and SOCS proteins in helperT celi 
differentiation. T celi differentiation from na'fve cells into the various 
functional subtypes (e.g.,Th1,Th2,Th17, andT,^ cells) primarily depends on 
the action of cytokines as indicated. SOCS1 and SOCS3 regulate the cytokine 
pathways indicated, and thereby dictate CD4* T celi differentiation. Note that 
SOCS3 inhibitsThl through overexpression by suppressing IL-12 mediated 



STAT4 activation. However, SOCS3 deletion also inhibitsThl by promoting the 
production of IL-10 andTGF-0. InT^, SOCS1 deletion promotesT reg 
expansion; however, these are functionally impaired.Thus, SOCS1 negatively 
regulates theT reg number, but is necessary for the function of T regs .The role of 
SOCS3 inT regs has notyet been clarified. ForTh17 RORyt induction byTGF-p 
has been demonstrated to be independent of Smad2/3/4. 
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Table 2 | Specificity in the negative regulation of JAK-STAT signalling 
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JAK, Janus-family kinase; PIAS, protein inhibitor of activated STAT; PTR protein tyrosine 
phosphatase; SHR SH2-domain-containing PTP; STAT, signal transducer and activator of 
^ranscriytion^ 
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► FIGURE 14-28 NF-kB signaling 

pathway. In resting cells, the dimeric 
transcription factor NF-kB, composed of 
p50 and p65, is sequestered in the 
:ytosol, bound to the inhibitor I-kB. 
Stimulation byTNF-a or IL-1 induces 
activation of TAK1 kinase (step Q) leading 
to activation of the trimeric I-kB kinase 
(step E), lonizing radiation and other 
stresses can directly activate I-kB kinase 
by an unknown mechanism (step Bfl). 
Following phosphorylation of I-kB by I-kB 
kinase and binding of E3 ubiquitin ligase 
(step H), polyubiquitination of I-kB (step 
H) targets it for degradation by 
proteasomes (step 0). The removal of 
I-kB unmasks the nuclear-localization 
signals (NLS) in both subunits of NF-kB, 
allowing their translocation to the nucleus 
(step @). Here NF-kB activates 
transcription of numerous target genes 
(step H) including the gene encoding 
the a subunit of I-kB, which acts to 
terminate signaling. [See M. Karin and 
V. Ben-Neriah, 2000, Ann. Rev. Immunol. 
18:621, and R. Khush, F Leulier, and 
B. Lemaitre, 2001, Trends Immunol. 22:260.] 
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Figure 1 The nuclear regulation of NF-kB. After it gains access to the nucleus T NF-kB transcriptional activity is elegantly con- 
trolied by a number of nuclear regulators, as illustrateci in blue, including non-Rei subunits such as RPS3 (S3) within the NF- 
kB complex ; proteins restricted to the nucleus or translocated from the plasma membrane, other transcription factors, and 
chromatin modifiers. Two distinct pathways to terminate NF-kB transactivation, as illustrateci in red, involve (I) kB-mediated 
restitution of NF-kB to the cytoplasm and (II) ubiquitination-dependent nuclear degradatoti 
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Abbreviations: GTP, guanosine triphosphate; IRAK, IL-1 receptor-associated kinase; Jak, Janus kinase; 
M-CSF, monocyte colony-stimulating factor; STAT, signal transducer and activator of transcription; 
TNF, tumor necrosis factor; TNF-RI, type I TNF receptor; TNF-RII, type II TNF receptor; TIR, Toll-IL-1 receptor; 
TRAF, TNF receptor-associated factor 
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FIG. 25.7 Schematic of Cytokine Signaling Showing Multiple Signaling Pathways Activated by Interleukin 
(IL)-2. Shown is the association of JAK1 and JAK3 with different chains of the receptor. Activation of JAK 
kinases results in tyrosine phosphorylation of IL-2Rp. This allows the docking of Stat5 proteins via their SH2 
domain. The signal transducer and activator of transcriptions themselves are tyrosine phosphorylated, dimer- 
ize, and translocate to the nucleus, where they modulate expression of target genes. The schematic also indi- 
cates that another phosphotyrosine mediates recruitment of Shc, which then can couple to the Ras/Raf/MEK/ 
mitogen-activated protein kinase pathway. Also shown is the important phosphatidyl inositol 3-kinase pathway. 
These and other pathways are activated by many type I cytokines. 
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Fig. 4. Cross-talk of IL-6, IL-1 and TNF signal transduction. IL-1 and TNF bind to their respective receptor complexes and initiate the activation of IKKa/(3. Their downstream 
target NF-kB (p65/p50) can interact with STAT3 and affect expression of class I and class II acute-phase proteins. Additionally, activation of p38 MAPK and its downstream 
kinase MK2 inhibits IL-6-mediated signaling either by accelerating internalization of gpl30 or by stabilizing SOCS3 mRNA. 
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Fig. 8.20 Enzyme cleavage of the extracellular domain of a 
receptor (for example, TNF, IFN7, IL-6 or IL-2 [p55] receptor) 
releases the binding fragment. For TNF (and probably others) this 
solubie receptor retains its high-affinity binding properties. It is 
capable of neutralizing the ligand by blocking its access to intact 
receptors in the membrane. 
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Generateci by Alternative 
Splicing 


Generateci by Proteolytic 
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slL-6Ra 
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sGM-CSFRct 






slFNAR-2 







GM-CSF, granulocyte macrophage-colony stimulating factor; IL, interleukin; TNPR, 
tumor necrosis factor receptor. 



Virai mimics of cytokine 
and cytokine receptors 



TABLE 12-3 



Virus 



Lepori poxvirus 
(a myxoma virus) 

Several poxviruses 
Vaccinia, smallpox virus 



Product 



Soluble IFN-7 receptor 

Soluble IFN-7 receptor 
Soluble IL-1 (i receptor 



